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14.  ABSTRACT 

We  present  a  proof-of-concept  study  designed  to  investigate  the  utility  of  operating  a  conventional  photoacoustic 
spectroscopy  technique  in  a  “multi-wavelength”  mode  applied  to  chemical  vapor/aerosols  for  application  of  trace  species 
detection  and  identification.  The  technique  involves  propagating  three  or  more  laser  sources  through  a  non-resonate,  flow¬ 
through  photoacoustic  cell.  Each  laser  source  is  modulated  at  a  different  frequency,  chosen  at  some  convenient  acoustic 
frequency.  A  portion  of  each  laser’s  power  is  absorbed  by  a  particular  test  gas/aerosol  that  is  passing  through  the  PA  cell, 
resulting  in  a  acoustic  signal  that  is  found  to  be  proportional  to  the  absorption  cross  section  of  the  gas/vapor  at  the  particular 
laser  wavelength.  A  superposition  of  frequency  component  (equal  to  the  number  of  laser  wavelengths  used),  combines  with 
the  ambient  acoustic  noise  spectrum  and  is  recorded  by  an  electret  microphone  housed  in  the  photoacoustic  cell.  The  signal  is 
deconvolved  using  phase  sensitive  detection  where  each  component  (one  corresponding  to  a  particular  modulation  frequency 
for  a  particular  laser)  is  amplified  and  recorded  as  function  of  species  concentration.  Ratios  of  the  resultant  absorption 
information  are  used  to  produce  an  identifiable  metric  that  remains  constant  for  all  concentrations.  For  the  study  presented 
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Test  nerve  agents  simulants  include  (but  not  limited  to),  diethyl  phosphonate  (DEMP),  dimethyl  methylphosphonate  (DMMP), 
and  diisopropyl  phosphonate  (DIMP).  Measured  photoacoustic  absorption  results  compare  well  with  Fourier  Transform 
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1.  Background 


Currently,  there  are  no  reliable  means  for  aeeurate  “real-time”  deteetion  and  identifieation  of 
poisonous  ohemieal  and/or  biologieal  substanees  that  are  airborne,  either  in  gaseous  or  aerosol 
form.  As  a  result,  early-warning  systems  that  are  eapable  of  instantaneous  deteetion  of  sueh 
materials  are  badly  needed.  Beeause  rapid  deteetion  and  identifieation  is  desired,  an  optieally 
based  teehnique  should  be  eonsidered. 

To  this  end,  we  propose  a  new  approaeh  based  on  the  deteetion  of  the  optieal  absorption 
measured  in  situ  for  various  organophosphorus-based  nerve  agent  simulants.  The  novelty  of  the 
proposed  study  is  to  modify  a  traditional  ultra-sensitive  speetroseopie  teehnique,  i.e.,  gaseous 
and  aerosol  photoaeousties,  by  ineorporating  multiple  laser-line  sourees.  Photoaeoustie 
teehniques  that  utilize  laser  sourees  routinely  measure  absorption  eharaeteristies  of  traee  gases  in 
the  ppb,  and  are  eonsidered  among  one  of  the  most  sensitive  speetroseopy  methods  available 
{1,  2).  Unfortunately,  eonventional  photoaeoustie  teehniques  have  been  greatly  limited  by  the 
availability  of  partieular  laser  sourees  (5).  This  has  been  partieularly  true  for  infrared  (IR) 
photoaeoustie  speetroseopy,  in  whieh  the  researeher  typieally  had  only  a  hand  full  of 
wavelengths  available  that  were  usually  produeed  by  eumbersome  earbon  dioxide  (CO2)  and  lead 
salt  (PbS/PbSe)  lasers.  However,  with  the  advent  of  the  newly  developed  Quantum  Caseade  IR 
laser  diode  substrates  being  developed  at  the  U.S.  Army  Researeh  Laboratory  (ARL)  and 
elsewhere,  praetieally  any  wavelength  within  3-14  pm  is  now  readily  available. 

Our  approaeh  is  simply  to  ineorporate  multiple  Quantum  Caseade  (QC)  laser  sourees  in  an  ultra¬ 
sensitive  speetroseopie  method  that  has  traditionally  only  used  one  laser  souree  at  a  time.  By 
doing  so,  we  intend  to  measure  multiple  (three  or  more)  absorption  eoeffieients  simultaneously 
of  a  given  nerve  agent  simulant  in  vapor  form.  We  intend  to  show  that  a  reliable  metrie  will 
result  based  on  the  relationships  between  the  measured  absorption  parameters  that  ean  be  used  to 
deteet  and  identify  traee  speeies  of  a  given  ehemieally  based  toxin. 


2.  Method 


Deteetion  of  optieal  absorption  using  a  photoaeoustie  method  is  fairly  simple.  For  gaseous 
photoaeoustie  speetroseopy,  a  small-diameter  laser  beam  is  modulated  at  some  eonvenient 
aeoustic  frequeney,  1  kHz,  for  example,  and  is  passed  through  a  sealed  eylindrieal  gas  eell,  often 
via  two  or  more  transmitting  windows.  The  absorbed  IR  energy  raises  the  absorbing  moleeules 
from  the  ground  vibrational  state  to  an  exeited  vibrational-rotational  state.  Collisional  proeesses 
then  redistribute  the  energy  into  translation  and  rotation,  with  a  resulting  inerease  in  the  pressure 
of  the  gas.  The  time  required  for  vibrational  relaxation  to  oeeur  at  standard  temperature  and 
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pressure  (STP)  is  on  the  order  of  1  ps.  The  resultant  rapid  change  in  pressure  at  the  modulation 
frequency  of  the  laser  results  in  an  acoustic  signal  that  is  detected  by  an  electret  microphone 
usually  with  the  aid  of  a  lock-in  amplifier.  The  measured  acoustic,  or  pressure,  signal  is  found  to 
be  proportional  to  the  average  power  of  the  optical  source,  the  absorption  cross-section  of  the 
species,  and  the  sensitivity  of  the  electret.  The  last  two  parameters  are  usually  known,  and  one  is 
then  interested  in  measuring  the  absorption  response  of  the  gas  at  the  laser-line. 

We  have  developed  a  modified  flow-through  photoacoustic  cavity  designed  specifically  to 
overcome  the  limited  sensitivity  inherent  in  closed-cell  designs  that  use  windows  to  transmit  the 
laser  radiation  into  a  photoacoustic  cell,  as  shown  in  figure  1*  {4,  5). 


Figure  1 .  Flow-through  photoacoustic  cell. 

Not  seen  in  the  photograph  is  a  series  of  acoustic  dampeners  mounted  inside  the  cell  at  both  ends 
of  the  tube  that  serve  to  suppress  any  ambient  noise.  Situated  in  the  center  of  the  cell  is  a  small 
field-effect  transistor  (FET)  based  electret  microphone.  The  faint  acoustic  signal  resulting  from 
the  absorbing  gas  is  amplified  and  fed  into  a  24-Bit  dynamic  signal  acquisition  device  that 
digitizes  the  analog  signal.  By  accurately  digitizing  and  processing  the  acoustic  signal  using  a 
PC,  we  avoid  having  to  use  multiple  lock-ins  that  are  usually  needed  to  deconvolve  each  signal. 
Instead  we  conduct  a  fast  Fourier  transform  (EFT)  on  the  signal  and  filter  only  frequency 
components  that  correspond  to  the  modulation  frequencies  of  our  lasers.  Using  this  approach, 
we  are  able  to  deconvolve  up  to  eight  separate  laser-induced  signals  simultaneously  with 
just  a  single  PC. 

Initially,  we  had  hoped  to  use  only  QC  IR  laser  diode  sources  that  were  to  be  provided  by  our 
corporate  partner,  Maxion  Lasers  Inc.,  College  Park,  MD,  but  due  to  production  difficulties,  we 
were  only  provided  one  QC  source  (operating  at  8.72  pm  with  CW  power  60  mW  at  14  °C)  at 


Often  such  system  are  noise  limited  as  a  result  of  residual  absorption  from  the  transmission  windows  that  if  often  greater  that 
the  faint  acoustic  signal  resulting  from  the  absorbing  species. 
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the  time  of  this  report.  In  order  to  move  forward  with  our  proof  of  coneept,  we  proeured  two 
other  eonventional  CO2  laser  sources  operating  at  10.54  and  9.27  pm.  The  three  sources  were 
made  coincident  and  propagated  axially  through  the  cell.  Each  source  was  modulated  at  a 
different  acoustic  frequency,  e.g.,  10.35  pm  at  1700  Hz,  9.27  pm  at  1900  Hz,  and  the 
8.72  pm  QC  at  1300  Hz. 

Examples  of  the  organophosphorus  nerve  agent  simulants  considered  include  diethyl 
phosphonate  (DEMP),  dimethyl  methylphosphonate  (DMMP),  and  diisopropyl  phosphonate 
(DIMP).  Simulant  vapor  was  generated  by  heating  the  liquid  (low  vapor  pressure  materials), 
where  residual  particles  were  removed  by  passing  the  vapor  through  a  condenser  that  was  cooled 
with  liquid  nitrogen  (EN2).  Simulant  concentrations  were  varied  by  mixing  with  dry  air  that  was 
pumped  through  the  system  at  differing  flow -rates. 

Complete  IR  absorption  spectral  for  each  simulant  was  simultaneously  measured  from  3-13  pm 
by  passing  the  gas  sample  through  a  Eourier  Transform  IR  (ETIR)  spectrometer  monitored 
transmission  cell.  This  allowed  for  direct  comparison  with  the  three  measured  absorption 
coefficients  that  result  from  the  photoacoustic  portion  of  the  study.  A  simplified  schematic  of 
the  experiment  can  be  seen  in  figure  2. 


Figure  2.  Multi-wavelength  photoacoustic  test  bed. 
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3.  Preliminary  Result/Conclusions 


At  the  time  of  this  report  we  had  just  begun  testing  the  speeified  nerve  agent  simulants,  e.g., 
DMMP,  DEMP,  DIMP,  ete.,  and  results  from  those  runs  must  still  be  analyzed.  However,  we 
will  show  data  based  on  our  “praetiee”  vapor,  i.e.,  isopropyl  aleohol,  in  whieh  optimum 
operating  proeedures  were  established.  The  following  figures  show  the  evolution  of  the  raw 
photoacoustie  signal  for  8.72  pm,  9.27  pm,  and  10.35  pm  laser  lines,  as  varying  eoneentrations 
of  isopropyl  aleohol  are  released  into  the  eavity.  Figure  3  shows  the  magnitude  of  alternating 
eurrent  (AC)  eomponent  of  the  aeoustie  signal  for  the  loek-in  syneed  at  2.5  kHz,  i.e.,  the 
modulation  frequeney  of  the  QC  laser  operating  at  8.72  pm.  Region  1  highlighted  in  the  figure 
shows  the  period  just  prior  to  the  release  of  the  vapor,  and  the  subsequent  signal  inerease  as  the 
simulant  enters  the  aetive  region  of  the  photoaeoustie  eell.  During  this  portion  of  the 
measurement,  simulant  is  heated  to  about  80  °C  (dependent  on  the  vapor  pressure),  and  a 
pressure  of  about  2-3  psi  is  allowed  to  build  in  the  system.  This  high  eoneentration  of  vapor  is 
then  leaked  at  a  rate  of  about  100  ml/min  into  the  FTIR  transmission  eell  and  eontinues  to  flow 
into  the  photoaeoustie  sample  region.  A  maximum  saturation  is  reaehed  in  region  2,  at  which 
point  we  begin  to  mix  the  simulant  flow  with  varying  concentrations  of  dry  air  which  reduces  the 
overall  concentration,  as  shown  in  region  3.  The  large  signal  spike  seen  in  region  2  corresponds 
to  opening  of  valves  for  the  fresh  air  mixture.  We  intentionally  chose  this  particular  curve  to 
highlight  the  obvious  appearance  of  acoustic  noise  seen  in  the  trailing  end  of  the  signal  in  region 
3 .  This  noise  is  apparent  in  much  of  the  acoustic  frequency  spectrum  above  2  kHz  and  results 
from  the  fluid  flowing  in  the  lines.  We  merely  had  to  adjust  our  modulation  frequencies  to  avoid 
the  high  frequency  noise  region.  Figure  4  shows  the  corresponding  raw  acoustic  signal  for  the 
10.35  pm  CO2  laser  line  modulated  at  2.1  kHz,  where  the  noise  is  still  present.  Figure  5  shows 
the  9.27  pm  signal  modulated  at  1.7  kHz  and  a  much  better  noise  profile  as  we  move  down  in 
frequency. 
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Figure  3.  AC  component  of  the  electret  signal  sampled  at  2.5  kFlz  while  isopropyl  vapor  is  drawn 
through  the  photoacoustic  cavity. 


10.35um  mod  freq.  2.1kHz 


Figure  4.  AC  component  of  the  electret  signal  sampled  at  2.1  kFlz  while  isopropyl  vapor  is  drawn 
through  the  photoacoustic  cavity 
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Figure  5.  AC  component  of  the  electret  signal  sampled  at  1.7  kFlz  while  isopropyl  vapor  is  drawn 
through  the  photoacoustic  cavity 

It  is  only  in  region  3  (see  figure  3),  in  whieh  uniform  concentrations  are  acquired,  where 
absorption  information  is  most  reliable. 

At  first  glance  we  were  somewhat  surprised  to  see  that  the  relative  magnitude  for  the  three 
signals  was  about  the  same  (after  normalizing  for  the  differing  laser  powers),  i.e.,  peaking  around 
1 .2  pV.  However,  after  reviewing  the  absorptance  spectra  measured  by  the  FTIR,  the  relative 
relationships  between  the  three  photoacoustics  signals  appear  to  be  justified,  (figure  6). 

Currently,  by  using  the  muti-wavelength  photoacoustic  method  as  described  previously,  we  are 
accurately  measuring  the  absorption  response  for  a  variety  of  nerve  agent  simulants.  We  are 
investigating  several  new  photoacoustic  cell  designs  to  improve  optical  energy  density  in  the 
cavity  by  inducing  multiple  reflections  of  the  laser  beams  (figure  7).  Similarly,  these  new 
approaches  will  boost  signal  by  reducing  unwanted  attenuation  of  the  lasers  by  keeping  the  laser- 
gas  interaction  region  small  and  in  close  proximity  to  the  electret. 

It  is  our  intent  to  replace  the  two  CO2  lasers  with  QC  laser  diodes  chosen  to  operate  at  10.10  pm 
and  9.62  pm  during  the  winter  of  2009. 

Additional  work  is  needed  to  better  quantify  simulant  concentrations  to  establish  ultimate 
detectability.  Similarly,  we  need  to  establish  the  best  metric  to  use  in  the  detection/identification 
of  a  given  agent. 
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A  possible  “concentration  invariant”  metric  would  involve  ratios  of  the  integral  of  the  electret 
signal  for  a  predescribed  period  of  time  for  each  wavelength.  For  example,  during  the  sampling 
of  a  suspect  species,  we  measure  three  different  acoustic  signals  (one  for  each  of  the  three 
wavelengths  chosen),  and  the  integral  over  a  time  period  At  results  in  the  three  independent 
quantities,  S(A,1),  S(A,2),  and  S(A,3).  A  three-number  metric  associated  with  the  species  would 
then  be  {S(>.1)/  S(>.2),  S(;i2)/  S(B),  S(>.1)/  S(B)}. 

It  is  our  hope  to  expend  testing  to  incorporate  particulate  matter  and  aerosols,  and  attempt  to 
distinguish  various  biological  particles  based  on  documented  absorption  spectra  in  the  mid-  and 
long-wave  IR  (LWIR)  (6,  7). 


wavelength  (um) 


Figure  6.  Resultant  isopropyl  vapor  absorptanee  speetra  measured  simultaneous  with  the  photoaeoustie  portion 
of  the  study  (path  length  10  em).  Note  that  for  the  laser  wavelength  ehosen  that  the  absorptanee  are 
very  similar  in  magnitude,  i.e.,  8.72  pm=2.39,  9.27  pm=2.29,  10.35  pm=2.30. 
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Figure  7.  New  photoacoustic  cell  design(s).  Design  a  is  based  on  the  multiple  reflections  inherent  in  integrating 

spheres.  Design  b  maintains  a  cylindrical  column  of  vapor  (into  the  page)  but  now  the  lasers  are  brought 
into  the  cell  perpendicular  to  the  flow  in  order  to  limit  unwanted  laser  attenuation.  In  addition,  the  right  cell 
shows  possible  enhancement  of  the  signal  by  incorporating  resonate  effects  by  spacing  opposing  mirrors  at 
distances  on  the  order  of  quarter-multiples  of  the  wavelength  of  sound  associated  with  each  modulation 
frequency. 
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List  of  Symbols,  Abbreviations,  and  Acronyms 


AC 

alternating  current 

ARL 

U.S.  Army  Research  Eaboratory 

CO2 

carbon  dioxide 

DEMP 

diethyl  phosphonate 

DIMP 

diisopropyl  phosphonate 

DMMP 

dimethyl  methylphosphonate 

FEE 

field-effect  transistor 

EFT 

fast  Fourier  transform 

FTIR 

Fourier  Eransform  IR 

IR 

infrared 

EN2 

liquid  nitrogen 

EWIR 

long-wave  IR 

PbS/PbSe 

lead  salt 

QC 

Quantum  Cascade 

SEP 

standard  temperature  and  pressure 
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No.  of 
Copies 


Organization 


No.  of 

Copies  Organization 


1  ADMNSTR 

ELEC  DEFNS  TECHL  INFO  CTR 
ATTN  DTICOCP 

8725  JOHN  J  KINGMAN  RD  STE  0944 
FT  BEL  VOIR  VA  22060-6218 

1  DARPA 

ATTN  IXO  S  WELBY 
3701  N  FAIRFAX  DR 
ARLINGTON  VA  22203-1714 

1  CD  OFC  OF  THE  SECY  OF  DEFNS 
ATTN  ODDRE  (R&AT) 

THE  PENTAGON 
WASHINGTON  DC  20301-3080 

I  US  ARMY  RSRCH  DEV  AND  ENGRG 

CMND 

ARMAMENT  RSRCH  DEV  AND 
ENGRG  CTR 

ARMAMENT  ENGRG  AND 
TECHNLGY  CTR 

ATTN  AMSRD  AAR  AEF  T  J  MATTS 
BLDG  305 

ABERDEEN  PROVING  GROUND  MD 
21005-5001 

I  EDGEWOOD  CHEMICAL 

BIOLOGICAL  CTR 
ATTN  AMSRD  ECB  RT  DP 
AC  SAMUELS 
ATTN  AMSSB  RRT  DP 
R  VANDERBEEK 

5183  BLACKHAWK  RD  BLDG  E-5554 
ABERDEEN  PROVING  GROUND  MD 
21010-5424 

1  ERDEC  RESEARCH  &  TECHNOLOGY 

DIRECTORATE 

ATTN  SCBRDRTB  D  ANDERSON 
5183  BLACKHAWK  RD  BLDG  E3724 
ABERDEEN  PROVING  GROUND  MD 
21010-5423 

1  ERDEC  RESEARCH  &  TECHNOLOGY 

DIRECTORATE 

ATTN  SCBRD  RTB  W  ADAMS 
5183  BLACKHAWK  RD  BLDG  E5830 
ABERDEEN  PROVING  GROUND  MD 
21010-5423 


I  PM  TIMS,  PROFILER  (MMS-P)  AN/TMQ-52 

ATTN  B  GRIFFIES 
BUILDING  563 
FT  MONMOUTH  NJ  07703 

I  US  ARMY  INFO  SYS  ENGRG  CMND 

ATTN  AMSEL  IE  TD  F  JENIA 
FT  HUACHUCA  AZ  85613-5300 

I  COMMANDER 

US  ARMY  RDECOM 
ATTN  AMSRD  AMR 
WC  MCCORKLE 
5400  FOWLER  RD 

REDSTONE  ARSENAL  AL  35898-5000 

I  USAF  ARMSTRONG  LAB  EDGEWOOD 

RDEC 

ATTN  SCBRD  RTE  J  R  BOTTIGER 
ABERDEEN  PROVING  GROUND  MD 
21005-5432 

I  US  GOVERNMENT  PRINT  OFF 

DEPOSITORY  RECEIVING  SECTION 
ATTN  MAIL  STOP  IDAD  J  TATE 
732  NORTH  CAPITOL  ST  NW 
WASHINGTON  DC  20402 

I  US  ARMY  RSRCH  LAB 

ATTN  AMSRD  ARE  Cl  OK  TP 
TECHL  LIB  T  LANDFRIED 
BLDG  4600 

ABERDEEN  PROVING  GROUND  MD 
21005-5066 

I  DIRECTOR 

US  ARMY  RSRCH  LAB 

ATTN  AMSRD  ARE  RO  EV  W  D  BACH 

PO  BOX  1221 1 

RESEARCH  TRIANGLE  PARK  NC  27709 

6  US  ARMY  RSRCH  LAB 

ATTN  AMSRD  ARE  Cl  ES  K  GURTON 
ATTN  AMSRD  ARE  Cl  ES  M  FELTON 
ATTN  AMSRD  ARE  Cl  OK  PE  TECHL  PUB 
ATTN  AMSRD  ARE  Cl  OK  TL  TECHL  LIB 
ATTN  AMSRD  ARE  SE  EE  R  TOBER 
ATTN  IMNEALCHRR 
MAIL  &  RECORDS  MGMT 
ADELPHI  MD  20783-1197 

TOTAL:  20  (I  ELECT,  I  CD,  18  HC) 
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